We report the first optical fibre drawn from a 3D-printed preform. An air-structured polymer preform is printed using a modified butadiene plastic called Bendlay as opposed to the more-common Acrylonitrile Butadiene Styrene (ABS). The preform is subsequently drawn to fibre form at a relatively low temperature of 160 ⁰C and maintains its air-structured cladding holes. Such ability to freely-design and 3D-print complex preform structures, such as photonic bandgap and photonic crystal structures, opens up an exciting new front in optical fibre fabrication.
INTRODUCTION
Over the past decade or so, a vast range of polymer materials and techniques have been trialed for the design and fabrication of microstructured polymer fibres of various types [1] . Polymethylmethacrylate (PMMA) in particular has received a lot of attention and has many desirable qualities such as low melting point and relatively low loss when compared to other polymers. Generally, structured polymer fibres are potentially attractive: for example, chirped graded Fresnel structures offering to compete against solid graded fibres in LAN applications [2] whilst simple structured fibres with few holes provide very low cost, biocompatible attenuation sensors for applications such as orthodontic pain monitoring [3, 4] . In order to fabricate structured polymer fibres, either nano or micro-structured polymer optical fibre (MPOF), or polymer photonic crystal fibre (PPCF), many approaches have been taken such as the stack-and-draw technique (the most popular method for structured silica fibres), extrusion, drilling (despite the challenge, first demonstrated with silica [5] ) and injection molding. Each of these approaches has their own merits but one downside they all share is that they are all highly time consuming (in terms of person hours) and are prone to errors both of the human and technical sort. In this paper, we take an alternative approach to preform fabrication by harnessing the power of a 3D printer to design and print a preform of arbitrary shape. A solid core fibre design with 6 cladding air holes is chosen to test this approach using a new type of butadiene plastic printing filament called Bendlay [6] . Bendlay offers distinct advantages over alternative printer filaments: it is clear like polycarbonate, it is highly flexible and it does not whiten under stress or bending. The Bendlay preform is easily printed using a low cost thermosetting 3D printer and then drawn to fibre with remarkable ease whilst still maintaining its air cladding.
FIBRE PREFORM DESIGN AND FABRICATION
The 3D structure of the air structured fibre preform was designed in Inventor software. A schematic of the fibre design is shown Fig. 1 (a) along with a photo of the final printed preform end-face. The preform was designed with a length of L = 10 cm and diameter of d = 1.6 cm. The inner side of the preform has 6 air holes each with diameter d hole = 0.2 cm and evenly separated along the periphery. The air structured preform was then printed using a low-cost, 3D thermal printer (model: Redback-2 -the delta design model may be better suited for printing round structures such as circular preforms compared to more conventional xyz printers). Bendlay filament, which has higher transparency of light than acrylonitrile butadiene styrene (ABS) material, was used in the printing. The extruder and bed temperatures of the 3D printer were set at T ex = 210 °C and T bed = 95 °C respectively. In order to get better optical transparency along the length of the preform, the printing was performed along the lateral cross section. This also avoids the difficulties to print such a long structure with small diameter and allowed printing of the whole structure smoothly and continuously. Resolution of the printing was set to Δx = Δy = 0.4 µm on the x,y-axes and Δz = 0.1 µm on the z-axis which takes 6 hours of printing time. A 1 cm-10cm square cube was also printed in order for the transmission properties to be tested on a benchtop spectrophotometer. 
FIBRE DRAWING
The fibre is drawn using a conventional draw tower with a low-temperature furnace based on radiation heating. The airstructured preform is capped at each end using solid aluminum rods before being fed through the furnace at a rate of 1 mm/min. The furnace temperature was set to 160 ⁰C and the bottom of the preform was pulled to fibre form at a rate of 35 mm/min. At the early stages of drawing the fibre preform was observed to swell slightly inside the furnace to an elliptical shape, perhaps due to small air bubbles and the possibility of residual H 2 O in the preform. This deformation resulted in a slightly asymmetric fibre as can be seen in the optical microscope images of Fig.2 (a) and (b). We believe a temperature controlled preform annealing process could prevent this deformation in future. Fig.2 (a) and (b) images are captured by illuminating a cleaved 15-cm long fibre sample from one end with a broadband white light source and imaging the output on a microscope via bandpass filters for the red and green. The outer diameters of the fibre are measured to be 712 μm and 605 μm for the long and short dimensions respectively. The core size is found to be 221 μm and 148 μm for the long and short dimensions respectively. Fig. 2(c) shows a photograph of the white light output of the fibre projected onto a screen ~ 1 cm from the end-face. Several air bubbles can clearly be seen in these images although it is expected that pre-annealing of the preform may reduce or eliminate these defects; this will be the subject of future work. A simple guidance test was performed by coupling the output of a 632 nm Helium-Neon laser into a 15 cm -long sample of fibre. The fibre was bent slightly so as to make a 90° turn with a radius of curvature of ~ 6 cm. From this test, an upper estimate for the propagation loss was made as ~ 1.5 dB/cm.
Figure. (a) (b)
CONCLUSIONS
In conclusion, we report the first optical fibre fabricated from a 3D-printed preform, in this case a structured polymer fibre. The first demonstration was straightforward, indicating great scope for improving the work. The use of a 3D printer, although having a print time of several hours, is automated and involves minimal person hours besides the time taken to design the preform on user-friendly software (such as Inventor) and thus offers huge advantages over traditional methods. This now makes it possible to freely-design and print complex preform shapes, such as light structuring Fresnel fibres [7] , fractal fibres [8] , photonic crystal fibres, photonic bandgap and inhibited coupling fibres with very thin and complex structures [9] . We have also shown that the Bendlay modified butadiene plastic is suitable for polymer optical fibre work. It should also be noted that the field of 3D printing is evolving so rapidly that the results presented here will eventually apply to silica glass 3D printed preforms and other materials.
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